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SUMMARY

Warships are increasingly susceptible to detection and engagement by infrared-guided missile systems, necessitating effectivesuppression of exhaust-related thermal signatures. Conventional infrared suppression systems (IRSS) primarily rely on atmospheric air entrainment to reduce exhaust gas temperature; however, advancements in sensor technologies have limited their effectiveness in achieving higher levels of suppression.To overcome this limitation, water injection in the form of fine droplets is introduced into the exhaust stream, enabling enhanced heat extraction through both sensible cooling and latent heat absorption during evaporation.

This study presents an integrated design methodology for a water injection system (WIS) for marine platforms, incorporating nozzle selection criteria, computational fluid dynamics (CFD)-based thermal analysis, and experimental validation. The approach enables systematic optimization of exhaust cooling performance and provides a practical framework for achieving advanced infrared signature suppression.
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NOMENCLATURE




	Cpg

	Specific heat of exhaust gas [KJ/KgK]




	Cpw

	Specific heat of water [KJ/KgK]




	D

	Bore diameter of nozzle [m]




	djet

	Diameter of jet [m]




	Dh

	Hydraulic Diameter




	Ddroplet

	Diameter of droplet [m]




	dp

	Droplet formation pressure difference [Pa]




	dt

	Temperature difference between injected water and boiling point of water [K]




	dT

	Difference between average temperature at device outletwithout WIS and required temperature with WIS [K]




	ELFE

	Extremely Low-Frequency Emission




	hg

	Specific enthalpy of gas [KJ/Kg]




	hw

	Specific enthalpy of water [KJ/Kg]




	Hvap

	Latent heat of vaporization of water [KJ/Kg]




	I

	Flux density of Infrared Radiation incident on a detector [W/m2]




	Iturb

	Turbulent Intensity




	Io

	 Flux density of Infrared Radiation incident emitted by an object [W/m2]




	IR

	Infrared




	kair

	Thermal conductivity of air [W/mK]




	κ

	 Turbulent kinetic energy




	Lturb

	Turbulent Length Scale




	LWIR

	Long Wave Infrared




	MWIR

	Mid Wave Infrared




	mg

	Mass flowrate of gas




	mw

	Mass flowrate of water




	RCS

	Radar Cross Section




	r

	Distance of a target from the detector




	Tin

	Inlet temperature




	Tout

	Outlet temperature




	WIS

	Water Injection System




	X

	Fraction of water evaporated




	σf

	Surface tension of fluid




	ρ

	Density of fluid (kg/m3)




	ε

	Turbulence dissipation rate




	αk

	Air resistance coefficient







1. INTRODUCTION

With the proliferation of anti-ship cruise missiles in the last couple of years most of the navies in the world are emphasizing on adding stealth features in warships. The primary purpose of stealth in marine platforms is to make it less detectable and to make its soft kill capacity more effective. A warship can be detected and attacked by various signatures like Infrared, RCS, Acoustic, ELFE, Magnetic, and Wake [1]. The passive nature of the infrared signature makes it more effective and lethal [2]. Exhaust gas and duct of a warship are the major contributors of IR radiation in the MWIR region. Birk and Davis [3] reported that exhaust ducts and exhaust gas contribute approximately 76% and 23%, respectively, to the total infrared radiation emitted by a warship in the MWIR band. Passive educator diffuser IRSS system is used by several navies to reduce the IR signature caused due to exhaust gas and the turbine of a gas turbine fitted in a warship [4]. The introduction of imaging techniques in IR seeker missiles has made it increasingly challenging to deflect incoming missiles using countermeasures such as jamming and IR flares [5]. Hence, it is important to adopt the necessary methods to reduce the detection range. Due to the rapid advancement in the development of IR detectors a nd seekers in the last couple of years, passive IRSS systems are not very effective in avoiding detection from IR sensors. Hence it becomes imperative to increase the suppression level of exhaust gas and duct to make it less susceptible [6] from infrared sensors. 

The air-entrained diffuser-type IRSS operates by entraining ambient air into the exhaust stream, promoting mixing and thereby reducing plume temperature. In addition, a thin layer of entrained air forms along the diffuser rings, providing film cooling that insulates the uptake structure from hot exhaust gases and consequently lowers the metal surface temperature.

 The temperature of the exhaust can be further brought down by adding water in the form of fine mist along the main exhaust flow. This will also reduce the sound level of exhaust through the absorption of energy required for the evaporation of the water vapour [7].

The present work proposes a novel, integrated design methodology that combines analytical thermodynamic modelling, CFD-based multiphase flow simulations, and experimental validation for the development of a water injection system integrated with an eductor–diffuser infrared suppression system for marine platforms.

1.1 INFRARED RADIATION

 Infrared radiation is the part of electromagnetic radiation in the wavelength region of 0.75µm to 1000µm [8]. Infrared is mainly caused by the temperature of an object and the radiant energy emitted by an object can be calculated using Planck’s law [9]. Although infrared was discovered by William Herschel in 1800 through his prism experiment [10], progress was not significant in this field up to studies of Thomas Johann Seebeck on the junction behaviour of electrically conductive materials [11].

Infrared radiation is further divided into different ranges. The division is under various schemes. But commonly used subdivision scheme divides infrared in five ranges i.e., Near IR (NIR 0.75 – 1.4µm), short wave IR (SWIR 1.4-3.0µm), middle wave IR(MWIR 3.0- 8.0µm), long wave IR(LWIR 8.0- 15µm) and far IR(FIR 15.0- 1000µm). 

1.2 ATMOSPHERIC ATTENUATION

Most of the infrared radiation emitted by an object is attenuated by the atmosphere. Infrared radiation mostly in the region of 3-5 microns (MWIR) and 8-14 microns (LWIR) can pass through the atmosphere [12]. A major part of the Infrared radiation emitted by an object is absorbed and scattered by water vapour, CO2 and aerosol of the atmosphere. It is very much required to cater to atmospheric attenuation factors to capture the correct information of a target by IR detector [13]. Atmospheric attenuation can be captured using MODTRAN [14]. Atmospheric attenuation can be computed using Bouger’s law of transmission [15].
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It can be seen from Eq.1 that the intensity of radiation decreases with distance and depends on path length and attenuation coefficient. Jingye Sun et.al., has predicted atmospheric attenuation under pristine conditions between 0.1 and 100 THz [16].

1.3 LEVELS OF INFRARED SUPPRESSION

Globally IR suppression of a warship is segmented into four levels based on ongoing research and advancements in this field. Figure 1 shows different levels of infrared suppression.
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•LEVEL I, no suppression.

•LEVEL II, basic cooling of the exhaust visible metal surfaces and no stack suppression.

•LEVEL III, basic cooling of the exhaust visible metal surfaces, exhaust gas cooling to below 250ºC.

•LEVEL IV, basic cooling of the exhaust visible metal surfaces, exhaust gas cooling below 150 ºC.

However, Level III of infrared suppression of warships can be obtained using educator-diffuser infrared suppression systems; the same technique is not effective in achieving level IV suppression of a warship i.e., to achieve the plume temperature below 150°C. Water injection is one alternative to achieve such cooling of exhaust gas. Since water is abundantly available on ships, it is considered the best coolant for this application [17].

2. WIS FOR INFRARED SIGNATURE SUPPRESSION

Warships operating in modern naval platforms are increasingly vulnerable to detection and engagement by infrared (IR) guided missiles.Studies have shown that exhaust plumes and heated exhaust duct structures account for a large fraction of the IR radiation emitted by marine gas turbine systems, particularly in the mid-wave infrared (MWIR) band. IR signature sources of warships can be grouped into two categories (a) Internal Sources due to engines fitted on the ship and (b) External sources due to solar heating of the hull and super structure of the ship [18]. Various methods have been adopted globally to reduce the IR radiation associated with exhaust gas and ducts of a warship. Passive Eductor-diffuser IRSS system is used by several navies for this purpose. Previous studies suggest that passive eductor diffuser IRSS devices can reduce Lock-on-Range by up to 70% in the MWIR range [19].

2.1 PASSIVE EDUCTOR-DIFFUSER INFRARED SUPPRESSION SYSTEM

One commonly used approach for reducing the infrared signature of naval platforms is the passive eductor–diffuser infrared suppression system. This system operates by entraining ambient atmospheric air into the exhaust stream and mixes to reduce the temperature of the exhaust gas as well as metal duct. The overlaps between adjacent rings create a film cooling region along the wall of the rings [20]. This can reduce the wall temperature to limited extend as the free steam is high temperature exhaust gas. The system consists of eductor, mixing tube and concentric rings [21]. Scholars Murty AVSN et al., 2019 have explained the design methodology of the educator diffuser system. Estimation of various critical dimensions to design passive IRSS systems like the length of mixing tube, diffuser length, length of rings and standoff distance is discussed in their study [22]. The gap between the rings is a very important parameter in the design of the educator-diffuser system. The same is discussed by L. Singh et al., 2019 [23].

2.2 WIS FOR ADVANCED IR SUPPRESSION

The performance of the passive eductor diffuser based IRSS device is limited as the reduction in temperature is directly proportional to the amount of ambient air entrained into the system which is a function of pressure drop inside the eductor. To achieve advanced infrared suppression beyond the capabilities of the passive air entrainment systems, water is injected into the exhaust gas stream in the form of fine droplets. Due to high latent heat of vaporisation of water, vaporisation of droplets removes significant amount of heat from the exhaust gas. In addition to the reduction of IR radiation water injection system also reduces the soot and NOX emission from exhaust [24]. 

It is pertinent to mention that WIS is predominantly for cooling exhaust gases and does not directly cool the funnel walls. The general arrangement of a water injection system is shown in Figure 2.
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3. PRELIMINARY DESIGN

Design of water injection system includes several steps:

•Mathematical estimation of required water to reduce exhaust gas temperature to required level. 

•Selection of Commercially available Off-the-shelf (COTS) nozzles. 

•Modelling and simulation of various nozzle configurations

•Validation through experimental results. 

Furthermore, water injection system is designed based on various parameters which are enumerated below:

•Required reduction of plume temperature at funnel exit for a given exhaust gas mass flow rate and temperature at the inlet (typically, temperature reduction of 70% or more is sought).

•Temperature of funnel wall (typically, over 90% reduction). 

•Maximum allowable back pressure due to water injection system.

•Capacity of the pump available on the ship to deliver water.

The mathematical relationships used to estimate the dimensions of major components of the water injection system are enumerated below. These equations are used in determining the main parameters in designing water injection system. The amount of water required to reduce the temperature to the required level, the diameter of the droplet required in order to absorb maximum heat etc. These formulations are significant in determining the number of nozzles as well based on spray nozzle flowrates. 

It is pertinent to note that the water requirement is strongly dependent on the engine’s operating conditions and varies with load. Accordingly, different engine loads necessitate different water flow rates. The present study has been carried out assuming full-load operating conditions of the engine.

3.1 MINIMUM WATER QUANTITY REQUIRED

Initially, the requirement to cool exhaust gas is set at 150°C. Ideally, only those particles of gas that are above 150°C need to be cooled. However, in practice, it is not possible to control the spread of water mist into those areas of exhaust gas that are below 150°C. So, some amount of water will be used to cool gas which is below 150°C, though it is not intended. Further, the droplets may combine as they mix with exhaust gas and form larger particles that will not completely evaporate. Thus, the minimum amount of water requiredcalculated using the following equation [25] is only an estimate and needs to be refined (the process is assumed to be adiabatic and heat transfer through funnel walls is neglected).
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The same can be calculated by equating the amount of heat to be removed from the exhaust gas and the amount of heat absorbed by water during temperature rise and evaporation.

Exhaust gas:

Total heat to be removed with WIS is calculated as,
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Where dT is the difference between average temperature at the outlet of the device without water injection system and the required temperature at the outlet with WIS. In the present study, the required temperature at the outlet of device with WIS is considered as 150°C. 

Water droplet:

Total heat absorbed by water droplets,
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H1 is the sum of Sensible heat and Latent heat and the amount of heat to be removed (Hg) is analytically same as the amount of heat absorbed by water droplets (Hl). Hence the required amount of water is calculated using eqn (5).
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where mw is the minimum water required to reduce the temperature to the required value. X is defined the fraction of water evaporated and X is estimated as 0.6 based on experimental analysis. The factor X is considered for evaporation because the entire amount of mw is not evaporated in the experiment. Equations (3)–(5) are used sequentially to determine the minimum water requirement for the proposed system. First, the total heat that must be removed from the exhaust gas to achieve the target exit temperature is calculated using Eq. (3). Subsequently, the heat absorption capacity of the injected water, considering both sensible heating and latent heat of vaporization, is estimated using Eq. (4). By equating the heat removed from the gas phase with the heat absorbed by the water droplets, the minimum required water mass flow rate is determined from Eq. (5). This value provides the baseline design parameter for selecting appropriate atomizing nozzles. A graph is plotted in Figure 3 with y-axis showing the mass flowrate of water required and x-axis showing percentage of evaporation for a hypothetical case.
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As observed in Figure 3, the amount of water needed to achieve equivalent cooling decreases significantly as the value of X increases. Residual (unevaporated) water contributes more infrared (IR) radiation compared to fully evaporated water. This is because liquid water droplets behave approximately as grey bodies, emitting over a broad spectrum, whereas water vapour acts as a selective radiator with relatively lower overall IR emission. Therefore, maximizing the extent of water evaporation is a primary objective in such systems.

Achieving complete evaporation, however, requires nozzles capable of producing very fine droplets. In practice, nozzles that generate smaller droplet diameters typically exhibit lower flow rates. Consequently, a larger number of nozzles is required to meet the desired cooling performance. This introduces additional challenges, including increased system complexity, higher maintenance requirements, and a greater likelihood of nozzle clogging. Hence, the design involves an inherent trade-off between droplet size, flow rate, system complexity, and operational reliability.

3.2 SELECTION OF NOZZLES

The selection of nozzles is carried out through an iterative process; wherein multiple options are evaluated based on their ability to satisfy system input and output requirements. For IRSS applications, a total water mass flow rate (mw) is introduced as fine droplets through atomizing nozzles arranged uniformly along the inlet periphery to ensure effective spatial distribution. However, increasing the number of nozzles may promote droplet coalescence, leading to larger effective droplet sizes. Additionally, droplet diameter typically increases with higher flow rates through individual nozzles. Therefore, the total flow rate (mw) is distributed among the selected number of nozzles to determine the flow per nozzle, and configurations yielding the smallest possible average droplet size while meeting flow requirements are preferred. In CFD simulations, accurate specification of droplet size distribution, along with flow rate and nozzle geometry, is essential. Two key parameters govern the atomizer selection process.

Dwell Time- The evaporation time of a water droplet is the duration it takes for the droplet to evaporate, during which it exchanges heat with the surrounding exhaust gas. This time can vary depending on a range of factors. Dwell time depends on variable parameters like the density of the coolant, latent heat of vaporization of coolant, thermal conductivity of air, and most importantly particle diameter. Bigger droplet size of droplets yields more evaporation time [26]. Dwell time can be calculated using the formula:
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Dwell time vs droplet size for a hypothetical case is shown in Figure 4.
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Droplet Size–Droplet size is one of the most important parameters in the design of the system. Smaller droplets evaporate faster than bigger droplets. Droplet size depends on various parameters like surface tension of water, operating pressure, bore diameter of nozzle, etc. It can be calculated using the following equation [27].
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As the evaporation time of a droplet depends mainly on droplet size and temperature of surrounding gas [28], the maximum droplet size for complete evaporation depends on the dwell time and temperature field of the flow domain. An iterative study was conducted by introducing droplets of different sizes, and it was determined that 150 microns is optimal. 

In the present study, the selection of nozzles is primarily governed by the seawater supply pressure of 20 bar and the requirement to limit droplet size to a maximum of 150 µm. Accordingly, nozzles with well-characterized droplet distribution patterns were considered. An iterative selection approach was adopted to achieve the desired exhaust gas temperature. Initially, nozzles with lower flow rates were evaluated using CFD to assess the resulting duct and bulk mean exit temperatures. If the target temperature was not achieved, nozzles with progressively higher flow rates were examined. Based on this approach, three distinct nozzle configurations were selected for detailed analysis, characterized as follows:

•A low flow rate nozzle positioned near the bottom and top of the educator within the system.

•A medium flow rate nozzle is installed on four pipes and inserted into the bottom of the educator.

•High flow rate nozzles situated at the tips of the four pipes inserted into the bottom of the educator.

3.3 TWO-PHASE FLOW ANALYSIS

When SW is injected into the exhaust for cooling, it is in two phases – gas & water droplets. The water droplets evaporate as they flow with gas and change state resulting in absorption of large amounts of heat. For a two-phase flow, CFD code uses two main modules for the simulation.

•Eulerian Phase: A 3D finite volume code for simulating the continuous gas flow.

•Lagrangian Phase: A 3D particle tracking code for spray computation including energy and momentum interaction between phases, droplet motions, and evaporation.

Converged steady state single phase flow field is used further for analysing two-phase flow. Lagrangian multi-phase model is used for injecting water droplets. The boiling model is switched on with droplet-wall interaction as rebound condition. Standard code is used for heat and mass transfer calculation of the dispersed phase. Standard correlation is considered for momentum transfer with mass coefficient as zero and slip factor as unity. The gradient interpolation method is used for the simulation. Sea water properties considered for the dispersed phase are as below:









	Density

	:

	1023.6 kg/m3 (at 25°C and atmospheric pressure)




	Boiling Point

	:

	102°C




	Thermal Conductivity

	:

	0.6202 W / m-K




	Critical Temperature

	:

	647.12 K




	Specific Heat

	:

	4.120 kJ / kg-K




	Heat of Vaporization

	:

	2332 kJ / kg






Based on data available for nozzle suppliers for 20 bar pressure, droplet injection conditions are defined with inlet velocity, droplet size, and injection angle vector. Droplet injection parameters:









	Velocity

	:

	20 m/sec




	Diameter from OEM

	:

	As per droplet distribution chart




	Temperature

	:

	293 K






4. CFD STUDY FOR DESIGN OF WIS

The computational fluid dynamics technique is employed to check the efficacy of the device by using the finite volume method. CFD study is carried out by using the software STAR-CCM+. Before prototyping the device for experimental analysis, various CFD analyses are conducted to optimize the performance of the IRSS device. This reduces the cost of physical testing and optimizing. The model is generated to mimic the experimental conditions. This ensures accuracy through validation with experimental results.The following steps are followed during the CFD study:

•Geometry 

•Mesh 

•Solver

•Post-processing

4.1 GEOMETRY

A 3-D model of the water injection system was developed using CATIA software. This model was then converted to the .stp format and imported into STAR-CCM+ software. The fluid domain was subsequently modelled using the 3D modelling tools integrated within STAR-CCM+.

4.2 MESHING

Unstructured hexahedral meshing is done by maintaining grid lines parallel to the flow. Baffles have been created by extracting the external surface of outer layer cells. After carrying out a grid independence study for three base sizes namely 0.04m, 0.02m and 0.01m, it was ascertained that a very fine mesh of four million is the minimum number of cells required to keep variation in parameters within +1%. Though this resulted in a multi-fold increase in computational time, it enabled very accurate estimation of parameters.

The Grid specifications are as follows: -









	Cell type

	:

	Hexahedral




	Total cell count

	:

	40, 00,000




	Aspect ratio

	:

	<8 (98% cells)




	Skewness

	:

	0.35 (98% cells




	Min surface mesh size 

	:

	10% of base size




	Base Size

	:

	0.02m 




	Levels of Refinement 

	:

	4




	Type of Mesher

	:

	Trimmed Mesh




	Number of Prism layers 

	:

	6




	First prism layer thickness 

	:

	10% of base size




	Overall Growth rate 

	:

	1.2






The mesh generated is shown in Figure 5. The four levels of refined are highlighted in Figure 5 as L1, L2, L3, and L4. Moreover Two-layer all wall y+ model is implemented to capture the near-wall gradients accurately.
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4.3 SOLVER 

The following assumptions were made during the CFD analysis:

•The radiation effect is not simulated as a net increase in wall temperatures due to radiation is negligible compared to convection and conduction effects.

•Phase change of dispersed droplets because of radiation is negligible compared to convection and conduction effects as heat transfer due to radiation is very less as compared to conduction and convection.

•Exhaust gas is considered as a single fluid instead of a mixture of various gases because the composition of gases does not significantly alter the temperature/ velocity profile.

•Since the flow is incompressible hence exhaust gas is considered an ideal gas (density as a function of temperature and pressure) with physical properties the same as that of exhaust gas.

•Droplet evaporation is considered as steady state using quasi steady evaporation model.

The following physics models have been chosen: -

•Equilibrium with Time- Steady state

•State of Matter - Dispersed multi-phase flow (Lagrangian Model)

•Turbulence model - κ-ε high Reynolds number model with two layer all y+ wall treatment

•Heat interaction

•Mixing of exhaust gas and ambient air

•Solid-fluid heat interaction - Convection

•Conduction through walls

In the present study, a full coupled eulerian-lagrangian approach is implemented. The pressure velocity coupling is performed using coupled algorithm. For spatial discretization, second order schemes are used for the governing equations. All residual convergence criteria is set to 1e-5. 

The droplet and continuous phase interaction is two way coupled along with quasi steady evaporation model for steady state droplet evaporation calculation.

4.4 BOUNDARY CONDITIONS

The boundary conditions used for the CFD analysis is shown in Table 1. The inlet surface of the IRSS is defined as mass flow inlet. The turbulence conditions at inlet are specified based on turbulent intensity (I) and turbulent length scale. The turbulent intensity is estimated using eq.8 and turbulent length scale using eq. 9: 
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The domain used for CFD studies described in the paper is depicted in Figure 6a. The ambient environment is simulated by the domain generated around the device. The device's surfaces are shown in Figure 6b, and Table 1 provides more information on the boundary conditions for the device's surfaces. Both validation and accurate results depend on the use of appropriate boundary conditions. 
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For the sides and top surface of the domain, pressure outlet condition is used where pressure is defined as ambient pressure. The wall surfaces of the IRSS device are defined as baffles and the thermal resistance are assigned for the walls. Detailed boundary conditions used in the study are shown in Table 1.

Furthermore, for multiphase analysis, the position of each water injecting nozzle is obtained from CATIA software and the coordinates for each nozzle is provided in StarCCM+ along with other flow parameters. In this way, nozzles are positioned at the exact position and direction similar to the prototype.

4.5 POST PROCESSING

CFD analysis is used to assess the quantity of water required to achieve a bulk mean temperature of 150°C at the funnel exit. It is observed that a high quantity of water is required to achieve this exit temperature, which is 40% more than the theoretically calculated minimum quantity of water. This is because theoretical calculation assumed 100% evaporation whereas practically, the selected nozzle has 20% of droplets above 150 microns and did not evaporate. The results of the CFD study are reviewed in two ways, graphically and numerically. Graphically following plots are drawn to check the results:

•Scalar plots of the temperature of the exhaust gas before water injection

•Scalar plots of the temperature of exhaust gas after water injection

•The following numerical values are calculated:

•Bulk mean temperature of exhaust gas at the exit of the funnel

•Surface average temperature of funnel walls

•Surface average static pressure at Eductor inlet

The comparative study of the performance of WIS on exhaust gas temperature is shown in Figure 7.
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5. EXPERIMENTAL VALIDATION

The preliminary design, developed through mathematical modelling, was evaluated for multiple nozzle configurations using the commercial CFD software STAR-CCM+. However, experimental validation of each configuration is resource-intensive and time-consuming. Therefore, the present study focuses on experimental validation of only the final optimized configuration of the water injection system (WIS) for exhaust gas cooling.

Experimental evaluation was conducted on a test facility generating exhaust gas at a mass flow rate of 50 kg/s to assess the performance of the water injection system (WIS). The system comprises three subsystems: the eductor–diffuser unit, nozzle assembly, and water supply system. The eductor–diffuser is mounted on the outlet flange of the gas turbine exhaust, while the nozzle assembly is integrated within the eductor and supplied by a freshwater pump. Back pressure induced by the system is measured using a Pitot tube installed at the eductor inlet. Both static and dynamic pressures are recorded for cases with and without water injection. Exhaust gas temperature at the system exit is measured using thermocouples, while resistance temperature detectors (RTDs) are installed along the diffuser walls to monitor duct surface temperatures, as illustrated in Figure 8.
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The performance evaluation criterion is as follows:

•Study of the flow path of water droplets injected by the nozzles and their mixing with exhaust gas from the gas turbine. Phenomenon’s such as overlapping of injection angles due to proximity of nozzles resulting in adhesion of droplets, backflow due to variation in pressure of fresh water supply from 15 bar to 25 bar, etc.

•Temperature of exhaust gas at the exit of the system with and without water injection.

The typical test setup used for testing WIS is shown in Figure 9.
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Performance of computational and experimental results is shown in Table 2 and in Figure 10.
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6. IR IMAGING DURING MEASUREMENT

The primary objective of the infrared suppression system (IRSS) is to reduce thermal radiation emitted from the ship’s exhaust gas and duct surfaces. Accordingly, infrared imaging was conducted during experimentation to evaluate system performance. Measurements were obtained using both long-wave infrared (LWIR) and mid-wave infrared (MWIR) cameras, with an on-flame (OF) filter applied to the MWIR system to improve measurement accuracy of exhaust emissions. The IR images (Figure 11) reveal distinct temperature variations at the device exit and in the region between the eductor and mixing tube. Results indicate that exhaust temperatures and corresponding infrared emissions at the funnel exit are significantly higher during passive operation compared to active operation with water injection. A pronounced temperature reduction is observed in the eductor–mixing tube region, confirming the effectiveness of water injection in enhancing thermal suppression.

[image: ]

7. CONCLUSION

In today’s environment of increasingly sophisticated IR threats with the rapid acceleration of research in detector technology, reducing the IR signature of a ship is very important. Through a water injection system, a ship’s susceptibility to enemy missiles can be substantially reduced. The paper presents the methodology for the design of a water injection system that reduces the infrared signature of a warship significantly. The design is validated through prototype testing.

Despite the promising results obtained, several limitations should be acknowledged. Section 6.3 explains assumptions used in this numerical study.

One, radiation heat transfer is neglected in the study because temperature suppression is primarily due to convection. Since the system operates under high temperature; radiation can be modelled in further studies to determine the factor of heat dissipation due to radiation.

Second, present study focuses on the reduction of exhaust gas temperature and wall temperature is not in the scope of study. Hence Standard K-Epsilon model is used along with standard wall functions for capturing near wall flow.Modelling the droplet interaction with walls may provide the effect of condensation and coalescence of droplets.

Third, the experimental validation was conducted for a single nozzle configuration due to practical constraints. Further studies involving different nozzle arrangements would provide additional insights into system performance variations. 

Fourth, thermocouples used for temperature measures have an accuracy of ± 1.5°C while pressure measurements obtained from the pitot tube system have an uncertainty of ± 2%.

Moreover, a noticeable discrepancy is observed between the CFD-predicted and experimentally measure pressure values. This difference is primarily due to the non-uniform pressure distribution at the inlet of the system where higher pressure exists near the wall and lower pressure prevail at the coreregion. In the CFD analysis, the inlet pressure is reported as the mass-flow-average value, inherently assuming a uniform pressure across the cross-section. In contrast, the experimental measurement is highly sensitive to the spatial position of the pressure probe; in the present case the probe is positioned at the core of the inlet, where pressure is comparatively lower, leading to lower measurement values. To further examine this effect, the CFD pressure was evaluated at a location corresponding to the probe position yielding a value of approximately 706 Pa, which reduces the deviation to less than 6% relative with respect to experimental data. This improved agreement confirms that the observed discrepancy arises predominantly from differences in sampling methodology rather than deficiencies in the CFD model.

Finally, relative wind, humidity and ambient temperature directly affect the performance of the system installed inside the ship’s funnel. Present study is only limited to the steady conditions at the test facility and hence the performance of the system inside ship’s funnel may vary. 
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Figure 5. Grid generated for numerical analysis
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Table 1. Boundary conditions apphied

Surface  Boundary  ContinuousPhase  Discrete
condition y ‘phase
iy Momentum  Energy

Inlet Mass-  Uniform  Constant  Escape
flow-inlet massflowrate temperature

Educator ~ Wall Noslip Conducting Reflect

wall

Mixing tube Wall Noslip Conducting Reflect

wall

Diffuser  Wall Noslip Conducting Reflect

Ring walls

Pressure  Pressure  0Pa Constant  Escape

Outlet Outlet temperature

Bottom wall Wall No Slip Conducting Reflect
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Table 2. Comparison of experimental with CFD predicted

values
S.No Parameter CED Predicted  Measured
(With WIS) Values values
1 Max Metal surface temp 55 °C 52°C

Max Plume temp at
device exit 148°C 141°C

3 Back Pressure 746 Pascal 646 Pa






